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ABSTRACT 


This thesis presents a solid state thyristor switched power supply capable of 
providing 50 kJ from a high voltage capacitor to a railgun. The efficiency with which 
energy is transferred from a power supply to a projectile depends strongly on power 
supply characteristics. This design will provide a better impedance match to the railgun 
than power supplies utilizing spark gap switches. This supply will cost less and take up 
less volume than a similar supply using spark gap switches; it will also produce a smaller 
electromagnetic pulse. Voltage limitations on the thyristors require two in series acting 
as a single switch. Railgun, snubber circuit and gate control systems were modeled for a 
50 kJ railgun supply. These simulations yielded component values necessary to protect 
and control the thyristors for voltages up to 10 kV, currents up to 180 kA, and changes in 


current with respect to time up to 10” A/s. 


THIS PAGE INTENTIONALLY LEFT BLANK 


V1 


TABLE OF CONTENTS 


I INTRODUCTION sie eere ir ie eee ee 1 
A PURPOSE ies suvatscassvarecasinalascsesinscdevateswsisecweadsntadesesinsstdebetacwusarveidssadadensassanddevetes 1 
B COV TER NTE Wy seeci cde bade cdencerdatin Seue cass teedhalalavecenctecastiatarscceevscscaabsvacteneavesteascuseaenceses 1 
C; APPROACH / THESIS ORGANIZATION ..............ssssssssssssssscscsccccsccccsssccees 3 
II. DES EG Ness catcsssacusstesssdiaticavadsetes iene dnceuausatanaaasneadageasassibucuparsaaestninsevacunentassisetestapabiaaniene 5 
A. POWER SUPPLY casein ciiiinca iden eine 5 
1. MTVEE OCU CONON ie cansasa chsicacesczniacess sseatutanusadaonsuengsdceeioavedssredencenaeasbdivencdeaviess bs) 
a Model Simulation Using Simulink and Matlab. .................cccssssssssseees 6 
3. WOMITPONENE SELEC HOM 55 ssi sdelceasiaievectietcestetecsvexlseccessiendteseteniscoetectesvtars 8 
4. POULIEVTAV AL Voces caaece ec cecescesssvacececccsscuecssteecveccasscveduvsasseccees ccusstenecesctascossursesees 10 
B. SNUBBER I CURCU ID sssssiciutecicccisaverctutesicacdensvisationssictuletecacianetietiseaiienianes 11 
1. NNER OCUICHI ONIN: ciceseavascscticsscsacvntsstdevansicanensaatiesessestcesisatssveisssiecunsatdesmmsastens 11 
Zz. Model Simulation Using Matlab...............ccccccscsccsssssssssssssssssssssssscsees 12 
os Component Selechionl a.iuaaiadiinning ananassae 12 
4. UMMM ALY cicissacesdccecectaievaceeecaccecateasevees seusectesuseveescocseccueaseveensoesectcaeseeuees 14 
C. GATE CONTROL CIR CUED cissresctuscucasiessstseciseeubastearecetansnuaseessslocceeereaabbabies 14 
1 DNEPOCUCHON sainiiensicaiesitigsiiehs iste eee saat 14 
Z Signal Conditioning for One Gate Control Circuit .....................00 15 
3 Signal Sequencing for Both Gate Control Circuits.....................000 20 
4 Model Simulation Using Matlab to Design the Transformers....... 21 
5 False Triggering Suppression and Circuit Protection.............cccee0 24 
6 SO UMEINTIV ANY ass eeeecs ects scewaaecbecseecs eee caaa ea ecavawsescedaasence devs eneeaareciodeesteeeeneeneens 28 
Hl. EXPERIMENTAL DATA ACQUISITION FOR GATE CONTROL 
OT CT sairascuecs serena ceca oen oaasse ta casein wana De Casaas Sawawa ssevauonsodandassvenet codue cuadsudauewecauecaeds 31 
A. INTRODUCTION wise iewisassreatati secretes ther lead tsiarecn tastes nice ecteiel seve teeleates 31 
B. CONS ERUC TION sesssssscesseive sens ssceussessvasetsssveceseasvesens sacesstesssesetetssacssesssesensesevs 31 
C. DATA COLLECTION wiiiniinticcininiinienan eens 32 
1. High Voltage Isolation Transformer ................ssssccssccccsssssssssssscccsoees 32 
Zz DECUON CE, VES CNG ie. ceeccseestyececesseestevesveieesvavesseuetsocseeeuestecessesneetensdseestes 34 
IV. CONCLUSIONS AND RECOMMENDA TIONS 1... eccscsecstestesssssssssssseeeees 37 
A. EN TROD UC TION vecciscccntvcetinseicsnsitteinviacnernieinnamnes 37 
B. VALIDATIONS OF MODELS ..........ccccccccsssssssssssssssssssscssssssssssssssssssssssscscees 37 
C. RESEARCH QUESTION ANSWERED ..................ccsssssssssssssssssssssssssssesees 37 
D. CR Ee VVC) RK sas ovate calvasiscucutuvede sual ca teusdavccaduahaneuaudensecgusnasessdaedcsdushassueusaves 37 
E. CONGEUSIO NS wieatesesescasesiasaieseaiecatecassatessduscaseshasibessaiecsdecessatecsduncasedisssiecsdeeds 39 
POPP LINUX Ay assisicaiasscccunatssatbaneeavabaiosuiantssacubesteashencossithacevausearabedsbagessaeugeisasabicesariausiasentessatns 41 
PPP ENDDUX, By csi sccsussisacantcetsevencccsnenistaevucsesicantcehsasassacatacwpecaansussitdesuesasaventoatscvensucenenvsdseceuesarsees 47 
PROP PINE Cacti erccatcacecuiasaucasdicacnaesasaennseicacsasevenevsenecdanesessclensss seuecessetaseestuassceessalenssveuecenteeeter: 49 
EIST OF REE ERENCES sississssareccessisitveensteisaiainardiinaieccesisituisiseaansiaienasiimuciseanes 53 


INITIAL DISTRIBUTION LIST 


vill 


Figure 1. 
Figure 2. 
Figure 3. 
Figure 4. 
Figure 5. 
Figure 6. 


Figure 7. 
Figure 8. 
Figure 9. 


Figure 10. 
Figure 11. 


Figure 12. 


Figure 13. 
Figure 14. 
Figure 15. 
Figure 16. 
Figure 17. 
Figure 18. 
Figure 19. 
Figure 20. 
Figure 21. 
Figure 22. 
Figure 23. 
Figure 24. 
Figure 25. 
Figure 26. 
Figure 27. 
Figure 28. 
Figure 29. 
Figure 30. 
Figure 31. 
Figure 32. 
Figure 33. 
Figure 34. 


LIST OF FIGURES 


Projectile Comparison: (1TOny, RETF | cccvessreuneaverwencsateaeseunemansiendiniveencauaiaee, 2 
FIC CURIC CUCU Gis hs carat rachts tu pete thea amsagdaaetdacte theta asinine tt amaa 5 
RAV IOS iss cent xa crcce ne eencase suite eenteeeenie emcees eee eens 6 
FICCUFIC All CI CULE IMOG GS lisa sccuadetsasdacuind nstadeoauivauanncoinadessaadessemesacsumivnadssanndaieineoentsbacss 7 
Simulink Model of a Railgun [from Ref 4]. 0. esesseessssssssssesssseseseeeeens 8 
ABB Data Sheet for the SSTP 42U6500 Phase Control Thyristor [from 

RG ips oxiachese tartans oi cbina ainsi Sere otsctie car dalt cane sso simone eet redoing aia ase iene eneta monte 9 
Surge on-state current vs. pulse length. Half-Sine wave. [from Ref 6]........... 9 
Simulated behavior of mechanical variables ..............ccccccccccceeeeeeeeeeeesseeeseeeees 10 
SALSA SUNN UT CIN od <n 205 2d iad eyed denesede onan hada teenie boa tealnasecanebseatheee eabeeads 1] 
Simulink Model for Snubber Circuit Component selection [from Ref 4]. ...... 12 
Simulated thyristor voltage sharing when the turn-on differs by 0.5 us ........ 13 
Snubber circuit pictures from top left moving clockwise. PCB123 board 

layout, PCB123 3-D View, Side view, Top View. ...........ccccccccceeeeeeeeeeeeeeeeeeeees 14 
Recommended gate current waveform [from Ref 6]. ...........cccccccceceeeeeeeeeeees 15 
Tale Giver Cquiy alent Ci CUM scssiecsdscndsnmanatsnivecsaresguckcecmiusen esate Medex weaaune ess 16 
(Tate: COMUOM CIT CUI echo oaecetacsch cs tcc totenon it fGack Oe cet niles sien eh toate Moauivaun ae 17 
Top down view of Gate Control Circuit. 0.0... ccccccssssseseeeeeeeececccceeeeeeeeeaaaaas 17 
RA Values to set td based off specific C values. [from Ref (8)] ........... ee 19 
DIGe-View Or Gate € ONntMOl Circuit sige cceccaitonccadeiahaade cmacianasyeiacmneannaeneae: 21 
Simulink Transformer Model to Determine Values of Rg] and R@g2.............. 22 
Details of subsystem in Simulink Model. ..................ccccceesesssssssssssssssssssssseseeens 23 
Simulated current pulses from the Simulink Transformer Model. .................. 24 
Maximum rated values for triggering [from Ref 6]. ..........cccccccccceceeeeeeeeeeees 25 
Table and chart of computing attenuation for shielding [from Ref 9]............. 26 
Minimum surface creepage distance and air strike distance............ccccccccceeeeees 27 
EMP Suppression and Creepage and Clearance: .............ccccccccccceeeeeeeeeeeeeeeeeeees 2] 
PCB 123 top view of the gate Control CIPCUlt.............ccccccccccccceeeeeeeeeeeeeeeeeeeeeeees 29 
PCB1I23:3-D view of the cate: Control CIrCUil.oiiesicchvccdatiaavndateeedsdhnaveacleaiea tie 29 
Results from transformer teSting.............ccccccccccececeeeeceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 33 
(Fate CONITOMCIFEUI 1ESt SEU Ups cssacssccicaatctwacae esis dausabiceetenoided coauaraaatieidaanssoiawencns 34 
Output waveforms from the gate control CIrCult.......... cc eeeeeeeeeeesseeeeeeeeeseeeees 35 
Recommended gate current waveform [from Ref 6]. ...........cccccccceceeeeeeeeees 35 
Gate control circuit time delay and rise time. ................c0cceeeeseeesesesseesssssesseeeens 36 
CAD drawings of the new power SUDDLY. ................:cccccessesseesessssssssesseseseneeeeens 38 
Picture of the spark-gap power SUPDIICS. ..............c:csccesssssssssssssssssssssssesesseeeeeees 39 


THIS PAGE INTENTIONALLY LEFT BLANK 


LIST OF TABLES 


Table 1. LM555 resistor and capacitor component values to set the timing for the 
CUIent PUISe ly ANG oie asstaetie tess dciadon ova saad av deuwiceeeSaehein ced okus ame ia aeeeenees 19 
Table 2. Resistance values to Set IG, and Igo.......c..cccssccsscesccsccscsccsscescesscescescesscescesscasees 20 


X1 


THIS PAGE INTENTIONALLY LEFT BLANK 


Xi 


ACKNOWLEDGMENTS 


I would like to start by thanking my advisors, Professor Alex Julian and Professor 
Bill Maier for their guidance in this thesis research. I would like to thank my parents, my 
brothers, and my sisters for the love and support they have given me. Thanks for being 
interested in the things I do. Finally and most importantly, I would like to thank my wife 


Kristi, my daughter Megan and my son Josh. You give me purpose. 


Xill 


THIS PAGE INTENTIONALLY LEFT BLANK 


X1V 


I. INTRODUCTION 


A. PURPOSE 


The purpose of this thesis was to design a Solid State power supply for ongoing 
research in the Naval Postgraduate School’s Railgun program. Currently the power 
supplies use “Titan High-Action Spark Gap Switches” to transfer energy from high 
voltage electrolytic capacitors to a large inductor for current pulse shaping and then onto 
the Railgun. Although these power supplies and switches have proven to be reliable, 
there is a need for them to be improved. A solid state design using thyristors (also known 
as Silicon Controlled Rectifiers (SCRs)) will be more efficient, cost less and take up less 
volume due to design simplification. The physical construction of the switches will also 
reduce the electromagnetic signature. Finally, this design is important because the 


Navy’s railgun power supplies will be switched this way in the future [1]. 


Two top level concerns will be addressed in this thesis. First, companies that 
build these parts provide data sheets with listed limitations. The problem is that industry 
does not make these large thyristors for impulse power applications. They are made to be 
used by industry in continuous power applications. This design will begin to explore 
how to use the thyristors in railguns and not break them. The second concern addressed 
in the design is preventing false or intermittent triggering of the thyristors. It is 
paramount to have full control of when the thyristors trigger at the large energy and 


power levels appropriate for railguns. 
B. OVERVIEW 


The Mission of the Electromagnetic Railgun (EMRG) Innovative Naval Program, 
based out of the Office of Naval Research (ONR), is to develop the science and 
technology (S&T) necessary to design, test, and install a revolutionary 64 Mega Joule 
(MJ) EMRG aboard United States (U.S.) Navy Ships in the 2020-2025 timeframe [2]. In 
the fall of 2006 the Navy commissioned an 8 MJ Railgun at the Electromagnetic Launch 


Facility (EMLF) at Naval Surface Warfare Center (NSWC), Dahlgren, VA. By the 
summer of 2007 NSWC will have a 32 MJ railgun delivered and the program schedule 
has it fully operational by 2009. 


There are many advantages to changing to this type of weapon over a standard 
gun. From the logistics and storage perspective these rounds are non-explosive. This 
means a large reduction in logistical cost. Also, the magazine can be reduced in size 
because it 1s considered non-explosive and it does not have to be designed to withstand 
damage or prevent high explosive inadvertent discharge. Figure 1 shows the other 
benefits of the Railgun as compared to the ERGM and LRAP rounds. A _ smaller 
projectile delivers more energy to the target, at a further distance in a shorter period of 
time. The energy on target is defined as Kinetic Energy computed from summing the 
quantity of fragments and average impact velocity. Under each round in Figure | the 
weight is shown with two numbers. The first number is the weight of the projectile itself 
and the second number is the weight of the propellant charge. The railgun round, which 
does not use a propellant charge, lists the equivalent amount of fuel. Two other benefits 
include the ability to scale up and/or down the weapon system and less recoil exerted on 


the mount [3]. 


PROJECTILE COMPARISON 








B\ 88 Inches 





G 
= 
oe 
e A 60 Inches 
+ ar 
Oo = = 
_ —_ “1 
2 = 
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e. 
dead 
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FuGHt Time 60 minutes 10 minutes 6 minutes 
Weicnt 110 Ibs + 40 Ibs 260 Ibs + 90 Ibs 44lbs + 3 gals 
MAGAZINE Explosive Explosive Nonexplosive 
Figure 1. Projectile Comparison [from Ref.4]. 
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Not until the past couple of years have other institutions within the Railgun 
community made promising improvements; however, there are still significant technical 
issues that need to be resolved in order to sustain the program. The railgun is made up of 
subsystems which include the power supply, the gun, and the projectile. For the power 
supply the major concerns are the energy storage elements, and what the switching 
typology will be. For the gun they include reducing the size of the system, increasing 
bore life and reducing EMP. Finally the projectile has to withstand the incredible amount 
of force, acceleration and EMP exerted upon it. If improvements are not made in all 


three subsystems, the total system has the chance of being terminated. 
Cc: APPROACH / THESIS ORGANIZATION 


The new power supply was designed from the perspective of system as a whole. 
Subsystems for detail circuits and major components were then identified. Component 
behavior was modeled by solving mathematical equations in Simulink, a software 
subprogram that runs inside Matlab. The model yielded limitations from which 
component selection was made. Besides the thyristors, diodes and inductor the power 
supply also has two separate sub-circuits that needed to be designed. A snubber circuit 
was designed to protect the thyristors statically and dynamically. Then a gate control 
circuit was designed to ignite the thyristors. Each of these two sub-circuits were put onto 
Printed Circuit Boards (PCB) that were designed and laid out with an online software tool 
called PCB123. Once the boards were populated the system was then put into Rhino a 3- 


D CAD software tool for final component placement and bussing dimensioning. 


Chapter II will detail the design for the entire power supply. Chapter III will 
detail the results from the testing of the gate control circuit and Chapter IV will highlight 


future and follow on work. 
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II. DESIGN 


A. POWER SUPPLY 


1. Introduction 


The starting point of this design centered on the capacitor and its specifications. 
The railgun lab currently has six 11 kV, 50 kJ, 0.83 mf capacitors waiting to be placed in 
power supplies. The design focused on a single capacitor per supply with the intent to 
increase to two capacitors in parallel. Two capacitors would supply 100 kJ which is 
equivalent to the other two supplies currently in operation. Figure 2 shows the electric 
circuit. Once the capacitors are charged up to firing voltage, the two thyristors are 
triggered and forced into forward conduction mode. Energy 1s then transferred to from 
the capacitor to the inductor through the railgun. The crowbar diodes then go into 


forward conduction and the rest of the energy is then released into the railgun. 








on 
a Riteed 
Conub f0kQ 
408 uf 
Rak 
+ 2.20 Riteed 
70kQ 
Vea 7 a 
; A08 uf 
Rail Gun 
Crowbar 
Diodes 
ed 
aie 
Figure 2. Electric Circuit. 
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Ze Model Simulation Using Simulink and Matlab 


The railgun model presented here was used to approximate the shape of the 


source current and quantify the voltage stress on the circuit components [4]. 





Figure 3. Railgun model. 


The magnetic field intensity, H , created by the current in the top rail, i, is a 
function of the distance from the center of the rail (r = 0): 
[Hdl =i => H2«r=i=> H(r)=—— where 7, >r>7, 
cr 


The contribution to flux linkage from the top rail is: 
> 22 wi 1 li 
A=D= [Bed S = oe = x (In(x5)—In(x)) 


By symmetry the contribution to flux linkage for the bottom rail is the same. The 
inductance is defined as the ratio of flux linkage to current: 
A fl 
= = L(x) = x—(In(x;)—In(x)) 
The railgun voltage, v_, is: 


di dx di 


dx 
=—_=7(] —] I— + x— |=k}) i—+x— 
V, A —(In(7) n(n))| See Kia 


where k = “(In (73) In(¥;)) 


For this linear magnetic circuit the coenergy stored in the coupling field 1s: 


The electric force acting on the mass is [5]: 





OW. wiv ki? 
= — = —_(In(r, )-In(7, ))=— 
Je ax In ( ( 9) ( :)) 2 
The equivalent circuit to describe the power supply behavior 1s: 
Vi= eis = CRE Fa xG 
dt dt dt dt 


V.= Lo + Ri+kiv+ ko where the velocity is v = = and L is the circuit inductance 
t t t 


The rail resistance, R (x) , does depend on the position x of the mass in the railgun. 


The differential equation for the current 1s: 


di V —Ri-kiv ae 
— = —“_____ where R 1s the circit resistance 
dt L+kx 





Figure 4. Electrical circuit model 


The differential equations to describe the electromechanical system are: 


dx dy_dx_ _f di _V,—Ri-kiv 


—_-=y — — = 
dt Gi. ar m dt Likx 





The above equations were then programmed into Simulink and a model was 


developed to verify characteristic output curves for time based current and voltage. 
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Figure 5. Simulink Model of a Railgun [from Ref 4]. 
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3. Component Selection 


Details on the snubber circuit and Gate control circuit are in sections II.B and 
II.C. In order to hold off the maximum voltage of the capacitor, two thyristors are placed 
in series, as shown in Figure 2, so that the maximum voltage across a thyristor during the 
hold off condition will be 5000 V. Figure 6 gives the specified maximum hold off 
voltage of these thyristors to be 6500 Vpsm [6]. The data sheet also specifies the 
maximum current to be 71.4 kA; however, ABB has calculated maximum sustainable 


currents greater or equal to 180 kA for pulses shorter than 3 ms, as shown in Figure 7. In 


OO 


order to control the current rise with respect to time a minimum of 4 WH inductor is 


needed. Specified maximum turn-on dI/dt to these thyristors is1x10° A/s. For a high 


quality factor tank circuit: 


Os 
dt (¢VLC/2)” WL 
where C = capacitance(8.3<10* F) 

L = Circuit Inductance (H) and V, is the inital charge on C. 
4(10") _ 


If V=10", then L? 708 =4x10°H. 





2 
TU 


V = 5600 » 
Vocm = 6500 Phase Control Thyristor 


ltiavm = 3460 


Ine Te 5STP 42U6500 





ABB 


Figure 6. ABB Data Sheet for the SSTP 42U6500 Phase Control Thyristor [from Ref 6]. 





Figure 7. Surge on-state current vs. pulse length. Half-Sine wave. [from Ref 6]. 
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4. Summary 


This model of the electromechanical behavior of a railgun was developed to 
predict the electrical stress on a solid state switching power supply. From this model 


component selections were made and detailed sub-circuits were further developed. 


Simulation results shown in Figures 8 and 9 were consistent with laboratory data. 


Velocity, Position and Force 
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100 | ! I 
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Figure 8. Simulated behavior of mechanical variables 
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x io” Railgun current 


arnips 





U U5 ] 5 2 ry 4 4.5 4 


time (seconds) x 41o° 
Figure 9. Simulated railgun current 


B. SNUBBER CIRCUIT 


1. Introduction 


The snubber circuit is designed for two separate states of operation. The first 
state 1s considered the static condition and it is the point at which the thyristors are 
holding off the charged capacitor. Due to manufacturing tolerances each thyristor will 
have a slightly different leakage current. Thus, the thyristors will not share the voltage 
evenly. Placing a bleed resistor in parallel with one thyristor develops a voltage 
potential. Repeating this on the second thyristor with an equal resistor ensures that each 


device is at the same voltage and therefore the static load 1s equivalent. 


The second state of operation for the snubber circuit is the dynamic state. This 
state 1s defined as the point in which one thyristor has been triggered; however, the 
second thyristor has not. During this time the Resistive-Capacitive (RC) portion of the 
snubber circuit, which has also been placed in parallel with the thyristor, will resist the 


11 


change in voltage and hold the voltage potential on the non-triggered device for a brief 


moment. During the delay the second thyristor will be triggered and thereby release the 


energy from the capacitor into the inductor. 


Ze Model Simulation Using Matlab 


Figure 10 is a subsystem inside the Power Supply Model simulation. 
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Figure 10. Simulink Model for Snubber Circuit Component selection [from Ref 4]. 


2: Component Selection 


The following component values were input into the simulation above to obtain 
Figure 11. To ensure each thyristor shares the same voltage in the static condition fifteen 
1 MQ resistors were placed in parallel to make an equivalent 70 kQ resistor. To ensure 


the max voltage on second thyristor does not exceed the 6500 kV limit during the 
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dynamic condition, six 6000 V , 0.068 uf film capacitors were placed in parallel to make 
an 0.408 uf equivalent capacitor. These capacitors were placed in series with four 2.2 Q 


resistors. PCB123 was used to make the PCBs and is shown in Figure 11. 
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Figure 11. Simulated thyristor voltage sharing when the turn-on differs by 0.5 us 
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Figure 12. Snubber circuit pictures from top left moving clockwise. PCB123 board 
layout, PCB123 3-D View, Side view, Top View. 


4. Summary 


The model that was shown in Figure 10 for the subsystem in the power supply 
design was used for determining the values of the components of the snubber circuit. 
Figure 11 shows that thyristor | and 2 share voltage up until the time when the first 
thyristor is triggered. With out triggering the second thyristor, voltage begins to build up. 
Figure 11 shows that with the modeled components the second thyristor must be 


triggered within 0.5 us to stay well within the 6500 Vpsy limit. 


C. GATE CONTROL CIRCUIT 


1. Introduction 


The objective of the gate control circuit was to simultaneously turn on both 


thyristors by taking a single input light signal and converting it into two equivalent 
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current pulses. Sections C-2 through C-4 go into detail on how this was accomplished. 
One of the main objectives of this thesis was to ensure that the thyristors were kept from 
false triggering, Section C-5 covers this in detail along with describing the circuit 


protection. 
2. Signal Conditioning for One Gate Control Circuit 


The recommended current waveform for triggering the thyristors was provided in 
the data sheet and 1s shown in Figure 13. This waveform was the driving factor in the 
gate control circuit design. A thyristor is a current-controlled bipolar semiconductor. In 
order to make sure the thyristor turns on when directed the device needs a current pulse 
(Igm) between 2 and 5 A. As per the data sheet, see Appendix A, this current is not to 
exceed 10 A (Ipgm). The time frame in which to reach the 90 percent of the Igy is less 


than or equal tol us. The duration (t,;) of this first pulse needs from5 to 20 us. The 


second pulse (tp2) is used to ensure that the thyristor remains on for the entire event. The 


intent of this design was to apply the first current pulse at 5 A for 20 us and then apply 


the second pulse for 0.5 A for 10 ms. To create the single current waveform two separate 
pulses were magnetically coupled together into a single output, I,3. I,3 1s shown in Figure 


13. The first pulse will be set to 20 us and the second pulse will be set tol0 ms. Rg; will 


set Ip; to 5 A and Rg» will set I,2 to 0.5 A. 
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=< 11s 
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Figure 13. Recommended gate current waveform [from Ref 6]. 
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Figure 14. Gate driver equivalent circuit. 


Figure 16 is the circuit diagram of the gate driver circuit and Figure 17 is a picture 
of the same circuit. Each of these figures have been broken into 8 sections to better aid in 


the following circuit description. 
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Figure 16. Top down view of Gate Control Circuit. 


Section 1 is an off-the-shelf GSC25 Low-Voltage Power Supply (LVPS) 
purchased from Global Performance Switchers. It takes 120 VAC and converts it into 
+5/+15 VDC. Maximum current on the output for the +5 and + 15 V is 2.5 and 1.5 A 


respectively. The LVPS is fully protected against short circuit and output overload. 
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Short circuit is cycling type power limit [7]. Two modifications were made to 
incorporate this LVPS. First, a bleed resistor of 1.0 kQ added as a continuous load to the 
+15 V terminal and ground terminal to ensure that the LVPS stayed in a continuous 
regulation state. The bleed resistor also gives a path for the holdup capacitors to 
discharge when the power supply is turned off. The second modification to the LVPS 1s 


described in the next paragraph. 


Section 2 of the gate driver circuit 1s comprised of two 16 V 5600 uF holdup 
capacitors. As mentioned in the previous paragraph, the output current limit on the 
+15 V power supply is 1.5 A. Without these capacitors the LVPS would be driven into 
an overload condition and the desired current waveforms would not be produced. The 
following energy balance calculation was made to determine the capacitance needed to 


ensure the two that the current pulses were maintained. 


T 

CAP = | Vit < =cv => 15. (2 12) -0.003(VAs) < = SV) 
0 

>c>10mF 


To obtain the minimum capacitance needed the capacitors have to be able to drive 
the largest desired current pulse. This pulse is defined as pair of 15 V, 12 A, 3 ms pulses 


and therefore, the minimum capacitance needed would be 10 mF. 


Section 3 highlights the fiber receiver. The device chosen here is the 
HFBR-2521. The output of this device is held high until the light pulse is received. Once 
this happens the output goes low and triggers the next devices. A critical point to 
mention is that the trigger pulse duration has to be less than t,; as defined in section 


II.C.2. Power comes from the +5V of the LVPS. 


The next section is section 4 and is comprised of two LM555 Monostable timer 
circuits. The LM555s are each accompanied by the RC network needed to set the output 
timing and one 0.01 uF capacitor for filtering. Once the input is a signal goes from high 
to low, the output is inverted and goes from low to high based off the values of the RC 


network. Figure 17 from LM555 data sheet and Table 1 show the resistor and capacitor 
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values need to set the timing pulse t,; and tp2. The data sheet refers to the timing pulse as 
the time delay ty. The output of this stage is from low to high. Power for the LM555’s 
comes from the +5 V LVPS. 
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Figure 17. RA Values to set td based off specific C values. [from Ref (8)] 





Table 1. | LM555 resistor and capacitor component values to set the timing for the current 
pulse Ig; and Igo. 


Now that the timing of the two pulses is set, the peak current of each pulse is 
established via a MIC4452 non-inverting MOSFET driver and resister combination. This 
is shown in section 5 of Figure 16 and 17. From Figure 14 the voltage drop on the 
resistor Rg will set the current Ip. Table 2 shows the values of Ry; and Rg needed to 
obtain I,; and I,2. For protection a schottky diode was put in before the transformer to 
prevent reverse current back onto the drivers. Power for the drivers comes from the +15V 


LVPS. 
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ee 
Peak Current 0.0A 


Table 2. Resistance values to set Ig; and Ip. 





Section 6 is the high voltage isolation section of the gate driver. Magnetic 
coupling of the control circuit was critical due to the high blocking voltage on the 
thyristor which is coupled through the gate. The transformers are 500174K Magnetics 
tape wound core made of magnesil material. The major design consideration here was to 
minimize leakage flux while ensuring the magnetic core did not saturate. After wrapping 
the primary windings on the core two layers of Kapton tape were used to isolate the 
primary windings from the secondary windings. The same was done again after wrapping 
the secondary windings onto the core. Details regarding the High Voltage (HV) isolation 
tape can be found in Appendix (C). The second function of the core was to combine the 
two current pulses I,; and I,2 into a single output pulse I,3. There are 25 windings on the 


core with a turns ratio of one. 


Section 7 1s the voltage clamp and it was designed to protect the gate to cathode 
from over-voltage. The clamp is made up of the two zener diode stacks placed in parallel 
with the output of the transformer and the gate/cathode of the thyristor. Each stack has a 
10V breakdown voltage in the forward direction and 5V breakdown voltage in the reverse 
direction. Finally, section 8 is the output of the gate driver circuit and 1s connected to the 


gate and cathode of the thyristor. 
a Signal Sequencing for Both Gate Control Circuits 


A second pulse, identical to the one described in the eight steps above, had to be 


produced within in 0.5 us as mentioned in Chapter II. As indicated in Figure 10, the 


model shows that the time difference between each thyristor turning on has to be less 


than0.5us. All the sections that were described in the part I.C.2 were duplicated on the 
same board. The input light pulse also triggers the second set of LM555s. To save space 
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on the Printed Circuit Board (PCB) the second HV transformer was placed on the 
underside. See Figure 18. Care was taken during component layout to ensure all signal 


paths were of equivalent size and length. 





Figure 18. Side view of Gate Control Circuit 


4. Model Simulation Using Matlab to Design the Transformers 


Simulink was used to model the transformers. The purpose behind modeling the 
transformers was to determine if the transformers were going to saturate and thereby not 
let the current pulse be transferred to the secondary coil. The manufactures data was put 
into the model along with the component values of resistors that set Ig; and Igo listed in 
Table 2. See Appendix (B) for the MATLAB code used to set these values. Figure 19 
shows the model. Three state conditions exist for the model. The first is when both Ic; 
and Ig2 turn on. The second is when Ig is turned off and Ig) 1s still applied, and the third 
is when both Ig; and Ig2 are both off. Figure 20 shows the details of each of subsystems 
and Figure 21 shows the output current. The blue trace 1s Ig, the green 1s Ig2 and the red 


trace 1S Ig3. 
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Figure 19. Simulink Transformer Model to Determine Values of Rg1 and Rg2. 
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Figure 20. 


Details of subsystem in Simulink Model. 
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Figure 21. Simulated current pulses from the Simulink Transformer Model. 


5: False Triggering Suppression and Circuit Protection 


False triggering is a major concern when using thyristors 1n a noisy environment. 
To use this design to its fullest extent it has to be able to work in proximity to spark gap 
power supplies. These supplies produce significant EMP. Electrical isolation and 
shielding was incorporated into the design to keep the thyristors from false triggering. 
Figure 22 from the ABB data sheets specifies a minimum value for the gate-trigger 
current (Icr) to be greater than 400 mA and a gate-trigger voltage (Var) to be greater than 
2.6 V when operating the device at25 °C. As the temperature of the device increases 
ABB states that the thyristor can potentially trigger on a gate signal of only 0.3 V 


and/or 10 mA; however, operation at room temperature is planned for this power supply. 
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Figure 22. Maximum rated values for triggering [from Ref 6]. 





Isolation is accomplished in these layers via two transformers. The first isolation 
from the 120 VAC from the wall outlet to the output of the LVPS will block any 
disturbances being fed back from the outlet. The second isolation, between the control 
circuits and the gate/cathode connections, will prevent high voltage from being fed back 
to the control circuit and thereby causing damage. Figure 25 shows the two isolation 


transformers outlined in blue. 


Shielding was incorporated to suppress possible EMP and was accomplished via 
two methods. A copper ground plane was chosen for high frequency protection copper 
and for low frequency protection a mumetal box encases the entire circuit board. Figure 
23 shows the process of calculating the attenuation loss in dB based off the thickness of 
the material used and the skin depth of each material. The thickness of the mumetal is 
0.035 in and by taking the ratio of the thickness to the skin depths Figure 23 produces an 
attenuation of 15 dB at 60 Hz and 90 dB of attenuation at | kHz. The thickness of the 
copper is 0.0014 in. Following the same process yields attenuation of 15 dB at 10 MHz 
and 90 dB at 1 GHz. The yellow box in Figure 25 shows where the copper ground plane 


is located on the gate control PCB. The mumetal box is not shown. 
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Figure 23. 


Table 6-2 Skin Depths of Various Materials 


Aluminum Steel 
Frequency In. (in.) (in.) 


60) Hz oh 0.429 0.034 
100 Hz 260 0.333 0.026 
L kHz 82 0.105 0.008 
lO KHz 02 0.033 0.003 
100 KHz abit 0.011 (0). 00008 
| MHz .O 0.003 0.0003 
LO MHz 0.001 0.0001 
100 MHz 0.00026 0.0003 0.00008 
1000 MHz 0.00008 
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Figure 6-7. Absorption loss is proportional to the thickness and inversely proportional to the 
skin depth of the medium. This plot can be wsed for electric fields, magnetic fields, or plane 
Waves, . 





Table and chart of computing attenuation for shielding [from Ref 9]. 
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To minimize pickup all the control signals were kept to a minimum length and 


were placed in the inner layer of the PCB. 


Minimum creepage and clearance was also a concern and had to be maintained. 
Figure 24 lists the minimum surface creepage distance to be 56 mm (2.2 in) and the 
minimum air strike distance to be 22 mm (0.86 in). The red arrows in Figure 25 show the 
major points of contention. Each of these lines will be a minimum of | in. As 
mentioned above, the transformers are wrapped in Kapton tape with each layer of tape 


rated to block 10 kV. 


Mechanical data 
Maximum rated values " 


Parameter SSS Symbol [Conditions [min typ, [max [Unit | 
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Figure 24. Minimum surface creepage distance and air strike distance. 
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Figure 25. EMP Suppression and Creepage and Clearance. 
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6. Summary 


Although this circuit may seem simplistic it was paramount that an identical 
current pulse be delivered to each thyristor at nearly the same time. It was critical that 
the circuit be designed to prevent a false triggering of the thyristors. These objectives 
were accomplished by using shielding for noise suppression. Isolation transformers were 
used to protect the LVPS and control circuit from the outlet and from the high voltage on 
the thyristors. Finally the physical layout of the components maintains the minimum 
creepage and clearance distances. PCB123 was used to for the design layout and is 


shown in Figure 26 and Figure 27. 
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Figure 26. PCB 123 top view of the gate control circuit. 





Figure 27. PCB123 3-D view of the gate control circuit. 
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Hl. EXPERIMENTAL DATA ACQUISITION FOR GATE 
CONTROL CIRCUIT 


A. INTRODUCTION 


Three changes made from the initial design are described in section III. B. Data 
collection for the gate control circuit started by identifying the correct high voltage 
isolation transformer. Signal sequence testing was completed next, then the peak currents 
and timing were tested. Finally, the di/dt for the gate was measured to determine the 
circuit delay from the time between when the fiber pulse was sent and the start of both 


thyristors gate pulse signals. 
B. CONSTRUCTION 


Upon initial testing a problem with the power supply was noted. When measuring 
the +5 V or +15 V supply the reading would cycle up and then back down to zero. It was 
determined that the supply had to be under continuous load to regulate. A 1 kQ resistor 


was added to the +15 V terminal and ground. 


The board that was tested was the second of two built. On the first board a faulty 
LM555 had to be replaced. During the de-soldering the board was permanently damaged 
and caused the +5 V supply to be grounded. For the second board, chip sockets were 
used. These sockets were not used initially in trying to keep the signal traces small; 


however, final testing showed they did not adversely affect the circuit. 


Initially a HRBF-2821 was chosen as the fiber receiver based on its performance 
as specified by the manufacture. Testing revealed it was not the same type of receiver as 
all the other HFBR-2X21; therefore, a receiver was used instead. A second socket with 
wire wraps and jumpers was used on top of the board socket to handle the changes in the 


in HFBR-2121 receiver’s pinout. 
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C. DATA COLLECTION 


1. High Voltage Isolation Transformer 


To determine the most efficient coil, 4 different wire wrapped coils were made. 
Figure 28 shows the results of this testing. The blue trace 1s that of the fiber optic signal 


set to give a low voltage forl10 ws. Ig; 1s the blue wire and Ig? is the magenta wire. Each 


of the blue and magenta wires shown in the figure are the primaries. The secondary coil, 


Ig3, 18 the orange wire. 


Core | has a turns ratio of N=1:1 with the core completely covered in the primary 
windings each having 43 turns. The secondary coil 1s tightly wrapped on the right half of 
the core. As the plot shows, this did not give the desired coupling with a low di/dt rise 


time. 


For core 2 the primary windings were pulled back to match the area of the 
secondary. Now the turns ratio was N=1:2. Although this configuration had the desired 
coupling with a high di/dt, the current was now reduced by half. 


Cores 3 and 4 are similar with a turns ratio of N=1:1 and the secondary loosely 
wrapped. The difference 1s core 3 is completely wound with 43 turns and core 4 is only 
wrapped half with 25 turns. Core 4 was chosen because of its slightly better 


performance. 
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Figure 28. Results from transformer testing. 
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2. Sequence Testing 


To test the circuit board two Integrated Bipolar Junction Transformers IGBTs 
were used for their PN junctions. This was to simulate the gate to cathode connections 
on the thyristors. A Pearson Transformer was used on each gate signal to measure the 


current. Figure 29 shows the test set up. 





Figure 29. Gate control circuit test set up. 


Figure 30 shows that both rise to 5 A in 20 ws and are held on at 0.5 A for at 
least. 50 ws This closely matches the desired from ABB as shown in Figure 31. Figure 


32 shows that the delay from the time the fiber receiver sends the low pulse to the time 
Ig3 starts to be 300 ns. Both Ig3s for each thyristor rise at the same time and reach the 90 


percent of Igm (defined as t, in Figure 31) inl ys. 
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Figure 30. Output waveforms from the gate control circuit. 





Figure 31. Recommended gate current waveform [from Ref 6]. 
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Figure 32. Gate control circuit time delay and rise time. 
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IV. CONCLUSIONS AND RECOMMENDATIONS 


A. INTRODUCTION 


The final chapter will start by covering a brief discussion on validation of the 
models and then it will move into discussing how the research question was answered. 
Because the fabrication of the entire supply was not completed the majority of the future 
work will reside in testing and optimizing these models. This chapter ends with 


conclusions. 
B. VALIDATIONS OF MODELS 


The gate control circuit model proved to be helpful in ensuring the magnetic cores 
were not going to saturate. Now the model can be used to see how changing components, 
such as the resistors, will affect the output current pulse. The models for both the 


snubber circuit and the railgun will be validated in future testing. 
C. RESEARCH QUESTION ANSWERED 


The intent of this thesis was to provide the Naval Postgraduate School Railgun 
Lab with a solid state power supply design. The supply was designed and now the supply 
is well on its way to final construction and testing. The snubber circuit was built and 
waits testing. The gate control circuit was built and bench tested. The results from the 
testing were better than expected with the delay between the two triggers so small it is 


said to be simultaneous. 
D. FUTURE WORK 


The next round of testing should include testing the gate control circuit next to the 
spark-gap power supplies when they are fired. This test will ensure that the false 
triggering mitigation designs work to an acceptable level. Next, the rest of this supply 
needs to be put together in a housing. Figure 33 shows the initial arrangement of parts in 
the proposed power supply. The thyristors (red and blue disks) and crowbar diodes 


(yellow and green disks) are clamped directly above the capacitor (blue upright 
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rectangular box) via a single clamp. The light green cylinder is the inductor. Figure 33 
also shows the proposed placement of the snubber circuit boards. Figure 34 shows the 
spark-gap power supplies. Each of the two power supplies shown are placed in the same 
size housing as the proposed design in Figure 33. By reducing the volume of the 
switching components the inductor 1s now be placed inside the power supply hosing. 
Once the new supply is built testing and optimization for the entire system can then 


begin. 





Figure 33. CAD drawings of the new power supply. 
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Figure 34. Picture of the spark-gap power supplies. 


Future projects include modeling and observing how theses power supplies can be 
paralleled together to form a pulse forming network. Integrating the output inductor into 
the bus network would reduce the resistance of the power supply and has the potential for 


increasing the efficiency of the railgun. 
EK. CONCLUSIONS. 


Although the final power supply was not completed and tested, much progress 
was made in converting over from the expensive, noisy, non-efficient, and larger power 
supplies to a new design that will be cheaper, less-noisy, more efficient, and smaller. 
Using commercial products to do military applications is not straight forward. Because 
this application is so different than the planed intent a new data sheet will be written from 
future testing. In turn, this will allow the purchase of even smaller devices or allow more 


capacitors to be controlled by a single thyristor. 
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APPENDIX A 
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Triggering 
Maximum rated waives 


Conditions 


eaters gat otaye [Vax 


Chargcraisic varuds 


[Parameters [Symbol |Conditioms sin Sf typ [max [Unt 
[Gatetogervotlage [Ver [Ter2sc SSOS~=—C~S~sSC“‘<‘TSC*‘d; | 
a 








Thermal 
MON irr rote woiees i} 


Conditions 


| min | typ 
Operating junction Ti 
temperature range 
| typ 





Storage temperature range 


Chwracteristic wiiuds 


Conditions 


Thermal restance junction | Rey. Doube-side cooled 
to case Fe, = 120_..160 KN 


Revca | AnOde-side cooled 
Fe, = 120...160 kM 
| Cathode-site cooled 
F. = 120...180 kM 
Thermal resBiance case to ac-hi: Seas “502 cooled 
neatsink = 120...180 kM 


wn | SUNGle-side cooled 
Fe, @ 120...1650 KN 


Analytical function tor transient thermal 


Impadance: F, = 120 - 160 kM 
oe Che ade coded 









eT 
1” airug voll Gd. KY 


fi en ei 
-t'T.. amano conte 
Zenyj-cy(t) = > Rm i(l-e ") : | 
i=l 


pe 


Fig. 7 Transient ihenmal Impedance jumcton- case. 
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Max. on-state characteristic modal: Max. on-state characterlatic modal: 


Vine = py + Boy Zp + Cpy Wp 1+ Dry-fp || Mr —-4py + Bry Zp + Chg In +1) + Dyy-aflp 
Valk for hb = 600 -— 100000 A Walld far = $00 — 1000070 A 


ee a = ee ee ee 
123.80%10"| Steexto™ | azaxi | 21x17 | [tae toxio*) i720ei0" | tas.eoxt0" | 957.50%10" 


LS to rT, == 'C 
—_ Bas. Fy | = Bax. Fay 


JT. = 440" tT. =440"C 
om Baw. Feng im ! _—— Ban. Fee 


5 5 
+ + 
f t 
ce = 
: : 
4 4 
] ] 


T= tr'c 


| 5 
: Pt i | | " cess Mach ngular U20° 
=—— fired. TED I Ly i: — Seu 100" 
,== Rechinguiar ir i ; i == Rectangle iit 


Ce TT ee 4 ee a 


FERRE EEEEEE 


: FIP! LESS ee 7 
Fa PS eee ee 7 


a 





Flg. 4 On-state power d&sipailon ve. mean on-state Flg.5 filam. Permissible tase (EM Perature Vs. Mean 
CUITEN!. TUM-On lnéses excluded. on-state Current. 
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Fig.6 Surge on-state current vs. pulse length. Half- Fig. 7 Surge on-state current ws. number of pulses. 
eine wave. Haif-sine wave, 10 ms, SOHz. 
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Fig. 10 Recovery charge ve. decay rate of on-state Flg. 11 Peak reverse fenovery Curent v5. decay rate 
Current. of on-state CUnent. 
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Flg. 12 Device Outine Orawing 


Related application notes: 


Dom. Mr Tihs! 

SS A Gestion of AC-Srubter for Phase Conio Acoications 

SS AS Gate-dve Recommendations tor Pos 

SSA 206 EP OTme aeons Rpercing mechanical Camping of Press Fact High Power Semicornduciors 


Fiease refer to bitpoiwaw.abbcomisemiconductors for actual versions. 
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APPENDIX B 


Matlab code for the transformer design: 


s6Transformer design equations 

“Magnetics Magnesil tape wound toroid 50017, 4 mil material 
6ID 2 inches, OD 2.5 inches, thickness 0.5 inches 

oLD «0508 m, OD «0635 m , thickness .0127 m 

le=.1795; 


Ae=.689/100%2 6 meters*2 

uo=4*pir*le-3; 

ur=40000; 

le=.152; Smeters 
turns=25; S6Original Value 

s6turns=10; «Changed Value 

ipeak=24; 

B=uo*ur*turns*ipeak/le/10%-4 S$gausses 
inductance=uo*ur*turns*2*Ae/le SH 


H2=0.4*pix*turns*ipeak/(le*100) S%oersteds 


Nl=turns; 
N2=turns; 
N3=turns; 
Lleak=le-6; s0riginal 


6Lleak=20e-6; «Changed Value 
L1lil=inductance; S6Convert to henries 


L22Z=N2°27NIA2Z* LLB 3=N3°2/ NAO i: 

LL2Z=N2Z27 NL FGlds 21H G12- 

L13=N3/N1*L11; L31=L13; 

L23=N3/N2*L22; L32=L23; 

sthird coefficient is negative in each row because the winding polarity 
Ls 

6reversed. 

Lmat=[L1l1+Lleak L12 -L13; L21 L22+Lleak*N2%2/N1%2 -L23; L31 L32 -L33- 
Lleak*N3*%2/N1%2]; 


Rgl=2.0; 

Rg2=20; 

Rg3=.005; 

Rmat=[Rgl 0 070 Raz 0; 0 0 —Rg3s]; 
inv_Lmat = inv(Lmat); 


LbMatZxZz = lmat(Z2t3;,223) 
RmMeatZ2x2 =Rmet (2:3,223) 
inv_Lmat2x2 = inv(Lmat2x2); 
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APPENDIX C 


DuPont™ Kapton® PST 


eR aT eee 





Physical Propertics of Kapton*® 100 PST Filu 


ee ad 


Introduction 


Thess speafications indude thes valies 
and tolerances tor Kapton® PST film 
properties and the characteristics 

known to bs of signticanos to oosters, 
lsrninators and manufacturers of pressure 
ssnstve adhesive taps. 


Any aspects of the specifications 
that require further interpretation 

or claricaton should be discussed 
with representatwss of GuPont High 
Performance Materials. 


Kapton® PST Film 

Kaoton® PST is 3 tough film that exhibits 
an eso@lent balance of physical, chemical 
and slsctrical properties over a wide 
temperature range, particulary at 
unwsualky high temperatures. The film 

is available in 60, 100, 200, 300 and 

FOO gages. 


aes 





Manufacturing 

Material 

Kapton® PST film is synthesized by a 
pohoondensstion rsction between an 
aromatic danhydids and an aromatic 
diamine. 


Uniformity 

Maternal shall be unitorm in composition, 
free of weual continuaus surface 
scrstoves, and frees of defects such as 
wrinkles, MD ndges, stretched lanes, 
holes, and particulates contamination that 
would prevent the weer irom producing 
acospiable quality products. The material 
wall be processed in machines squpped 
with stato eimingators to assure that the 
maternal wall hews less than 6,000 wolts 
static change. Roll telescoping will mot 
exosed 167 (1.6 mmi. 
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(ores 

Fol cores shal bes of sufficient strength 
to prevent collapsing from handing. The 
standard core intemal diameters are 
mamingly 2° and 6° (76 and 152 mmil 
with the folowing specifications: 





The standard core matenal wall be fiber. 
Other cor material options, such as 
Plastic, are evailable on request. 


Width Tolerance 

The masdmum vanation in film width fram 
that specified on the order shallbe os 
falkowes: 


Slit Width Range BP tel) 


GU POND 


The miracles of science~ 


Length Tolerance 

The normal roll length it specified in 
Table 1. The actual measured roll length 
wall be supplied on the core label of rolls 
thet are 9° (228 mm or wider. Lengihe 
ordered nn footage vall be supplied to a 
tolerance of -O, 47% of footags ordered. 


Pad Put-Lips 
Availaole fir widths and ral disrmreters 
are speciied in Table 1. Larger put-ups of 
6° = 19° (152 = 467 mmil are ewadeble on 
request. 


Table 1. 


al 
ae te Tata 


Wats 


wat a 


uo 


Pad Roll Specifications 


1. Core width wall be the filrn width 0, 
42ii” (22 mmi 


2. Core edges shall mot project more than 
ie" 11.8 mm beyond the roll face on 
either sids. 


= Gores shall not bs recessed on either 


sides. 


4. The outside and starting ends of thes 


fils chal be fastened ma manner to 
prevent unvaanding. 


ee a 
i mba 


ee a 
ee 


ha a 


ie ee a) 


ee een 


B. “Deshing® or “cupping” rrevy rect 
exceed Te" (1.6 mm), measured with 
a Straight edge across the diameter of 
the roll. 


Width Range ee a eee 


ial 
| 


em Ga 14 


era ee af) 








Splices 

Desonpton 

All film gauges ars joined with a standard 
butt sploe, with the butt edoges covered 


on both sides with a Kapton” film bassd 


Pressure sensi adhesws tape.2° wide 


splicing tape is weed Tor all film gauges. 


Table 2. 


ert eel eRe 


im (ram) in (ram) 


Maximum Number of Splioes 


Splice Placement 


splice tape wil bs centered on the jont 


to Kk” G8 mmi. hewal be smooth and 
wrinkle 4ree to avcd distortion of the 


agaoent film layers ni the roll. 


ers 
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Table 2 shows the macdmum number 
of splices per roll. it also shows the 
minimum length between splices and 
from thes beginning and the end of a roll. 


Minimum Length Betereen Splises or the 


ree ue Pl bee Gal 





Packaging Extra Gore Label Marking 


lateral shall be sdequately packed An eoctrea core label wath the actual rall Materalis identhied as shown in Table 2 
to prewent logs of contents or damage length shall be plsosd on the outside of to allow oomplets traceability to the rw 
during shipment. All fim val bes wrapped the shiping container for rol widths of materias and processing conditions: 
with a man-fibrous material. E° (229 mimi) and vider. 

Scheduled Cate x x ct 

Customer Order Number ee = 

DuPont Order Number es ae as x 

Gauge ee 9 ns x 

Type —— x 

Wickh a : 

Number of Rolls perConteimer | 

Net Weight | cs 

Actual Foctage ——————E SSS" x 

Batch Number a ee Ae een x 

1D. and 0.0. ** x x 


* Soe te the cond anal cores 226° (67 mml wide ard carer. 
Inchided with the package on all cores lass than 2.25° 7 mo wida 
OF inside diameter of core and nominal outside diameter of rol. 
e400 Qvalable for up to 12 characters. 


5OPST ‘T2PST 200PST 3R0PST MOOPST 


dwearege Thickness Weigh test specimens equal to the waicth of slit rol 
init Wsight, gramirre and not lees than 0.6 meters bong to the nearest 
0.19 gram on 4 torsion balance. 
hdinimuri 145 =4.0 66.1 10.1 era. 6 To confirm average thickness toleranoss, obtain « 
sample consisting of a minimum of one specimen 
Fdasdmum 26.0 26.0 m2 WE2 192.6 | from each of several randomly selected sit ralls as 
Folhowes: 
lininum We. of Slit 
Slit Roll Width Rolls ta be Sampled 
Under 6" (162 mmi 25 ur wich din mchesi 
6° (162 mmm) and over Four 
Single Point Thickness, Miseasure in socordancos wiih AST 0-34-76, 
mil lum} Plsthiod 4 or C. 
Obtain the avergs of 10 randomly selected readings 
Ka inimurn 0.35 0.50 135 2a 4.65 | froma minimum areae of 12 ee (77 cnr’ l. Recheck 


[E31 2. | bl [63.00 | M1E.1) | before rejecting any sittroll, Abnormal rmedings 
may cocasionally result from dust particles or spot 
Flasimum 0.5 1.05 2.16 2B 6.25 | surface mpertections. Discard such readings as they 
165i a2! pe Fl [ES | (195.8) | wall acversely affect the accuracy of measurement 
designed to indicates general shest thickness. 


SPST 8 610PST «2PST «6«SOPST «6S MPST 


Tensile Strength, psi IMPasl, ASTM CH362-81, Method A using sn Instron Tareile 
at 23°C. Machines Direction Taster specimen sms: 4" 2 6" [12.7 » 152 mm], jw 


26,000 | 30,000 | 20,000 | 30,000 | 0,00 : 
(MO) and Trainers 1365 HES) MBE: HES! M85) separation: 4° [102 mm] jvvepesd: 2° irmin [61 movil. 
Drection (TDI (Calculate the average of 6 specimens based on ongnal 
Rdinimum measuned thickress. 


Elongation, % MD and TD) ac 65 | Same as above. 
Fdinimum 


Shrinkage, *% MO andTO MILP4a1128 MAI. The perosnt shrinkage obtained 
at 400°C for erther the MD or TO by using the average of thres 
Fdasdmum 36 20 20 messurenvents in either direction before and alter 
conditioning. Prior to measurernent thes BR" = 11° 
216 « 278 cw) specimen & conditioned by treety 
suspending for? hr in an oven controlled to 400°C + 250. 
4.0 40 4.0 40 4.0 


Moisture absorption, ASTM DS 70-31, using 24 hr mmerion at 23°C. 
Maximum c dworege of 3 specimens. 


SPST 8 610PST 620PST «6S0PST «6ST 


Dielectric Strength, ASTM 0+149-91. (Averages of 10 specimens). Flat 
AS woltimil kvm | sheets in air placed between 4° (6 mml dameter 
ae O00 | 6700 | 6300 | 4600 | 3,500 
Minimum b, . = brass electrodes with 1/62" (0.9 mmi sdos radius 


131 [2:38 13 Vr i131 
a subjscted ta 60 cycles AC woltage at 500 volt/sec 


rate of nse to the brealodown voltage. 


Vohinres Rees istivity, 
Q-aom at 20050 1 10 10 | ASTM D+267-7a. 
Rdinimum 
Dislectric Constant at 1 kHz ASTM C+160-81. Use conducting silver pant 
Kdesdmurm 24 Alectrodss, two tenninal system of measurement at 
is standard conditions. Results are based on an averages 
of 6 tests using messured thickresss of speamens. 


er oe Ee 0.0060 | 0.0036 | CO0S8 | 0.0096 | 0.0088 | Same as abo. 
KMasimum 





Tha nanan & bees oe a bal eed io ie elas, But DP raed cd aries, pet oe reid a aca ed 
aca nae Bd ead iy aria gtd i ue. The a ered Farin fas etn tha nonal raege of prc ac © Can shud pot 

be weed arid Spec rica Bits or ued aie ar tie Deeds of Cie. Bete DP Cannan ad pte Ce eg rary 
Of accede car ec ks | ie er ede pei ag Oe Weed does nc pas he ine ol he ce 
7 Cig Fa Rat igor Hr pericarp cote Lisa Shae cedure eine Ge appeal Tie: of oe 
Pru er hee pare pee TE eon ay Be He) ee a a ia ad pares Deca 2 ae. 
This pete ar et be fete at al ares 1 Opa unde? Of Koren 1 na, oe 

Diuog Do noc ase ii reecicd apd code: aod ing parrmamene Iepianiatiog in tha Burmea book Poa wited medical op cates oe 
*DuPone bhadica | Cortan Siete,“ H-S0bI7. 


Gantt 2 Ge ae receiver. Oe Gafer Srei toga, Deer”, a rackes of scence”, ane pie ae 
rected x votes we. | coat ie Menoans ae Coroap ar A es 


Ab] FAT OF THES MIAERIAL MAT SE §EPROOUCED, E1DRED 4 PETRIBVAL SSE kl OR TRAST TED GAY POR OF EY AMY lH 
ELECT RORSC, MECHANICAL PHOTOCOPY, RECORDING 08 OTHER EE WATHOLTT THE PRD WRIT ERY Pee OH OF OLIROMT. 
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